Summary A common method to determine the vitality of fine root tissue is the measurement of respiratory activity with triphenyltetrazolium chloride (TTC). The colorless TTC is reduced to the red-colored triphenyl formazan (TF) as a result of the dehydrogenase activity of the mitochondrial respiratory chain. However, measurements with woody fine roots of adult Norway spruce and European beech trees showed that dead control roots had a high potential to react with TTC. High reactivity was found in boiled fine roots and the bark of coarse roots, but not in the boiled wood of coarse roots. By sequential extraction of dried and ground adult Norway spruce fine roots, reactivity with TTC was reduced by about 75% (water extraction), 93% (water/methanol extraction) and 94% (water/acetone extraction). The water extract reacted with TTC in the same way as polyphenols such as lignin, catechin and epicatechin. Boiling did not affect the extent to which fine roots of adult trees reduced TTC, whereas it greatly reduced TTC reduction by seedling roots. Application of the TTC test to roots of spruce seedlings subjected to increasing drought showed a progressive decrease in TTC reduction. The decrease in TTC reduction was paralleled by a reduction in O 2 consumption, thus supporting the conclusion that for roots with a low polyphenol content the TTC test provides a valid assessment of tissue vitality. Our results suggest, however, that the TTC test should not be applied to the fine roots of adult trees because of their high content of polyphenolic compounds whose reaction with TTC masks changes in TTC reduction due to changes in the respiratory capacity of the tissue.
Introduction
The vitality of fine roots is commonly taken to reflect the effects of such factors as frost, drought or soil acidity on forest tree health (Clemensson-Lindell and Persson 1995 , Bakker 1999 , Stattin and Lindström 1999 , Zhu et al. 2002 , Vanguelova et al. 2005 . For example, acidic deposition has caused acidification of many forest soils (Blaser et al. 1999 , Graf Pannatier et al. 2005 , which may have affected fine root activity, turnover (Godbold et al. 2003 , Vanguelova et al. 2005 ) and growth (Jentschke et al. 2001) . However, methods for assessing the physiological state of the fine roots of forest trees have been little investigated.
One way of assessing the condition of fine roots is by their color and brittleness (Helmisaari and Hallbäcken 1999, Comas et al. 2000) . However, this method allows only the distinction between living and dead roots. Another approach is to measure root morphological parameters, such as specific root length (cm g ) and specific root tip density (root tips g DM -1 ) (Clemensson-Lindell and Persson 1995, Godbold et al. 2003) . These parameters are often used to evaluate the reactions of fine roots to different soil conditions or nutrient supplies (Hodge 2004 ), but do not reflect physiological vitality.
A commonly used physiological measure of tissue vitality is the triphenyltetrazolium chloride (TTC) test. Colorless TTC accepts electrons from the electron transport chain of mitochondria reducing it to the red-colored triphenyl formazan (TF) (Clemensson-Lindell 1994 , Comas et al. 2000 , Ruf and Brunner 2003 . Under favorable conditions, the reaction is directly linked to the rate of respiration. However, our tests with boiled (dead) tree roots revealed that not only the respiratory chain, but also some reactive substances within the root tissues, can reduce TTC. These substances prevent accurate measurement of respiratory activity by the TTC reaction. The aim of the present study was to investigate: (1) in which part of the woody tree roots TTC-reactive substances occur; (2) which substances in the fine roots of the two main tree species of the Swiss Plateau, Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.), react with TTC; (3) whether the fine roots of adult trees react to TTC in the same way as roots of tree seedlings; and (4) whether the TTC test correlates with O 2 consumption.
Material and methods

Fine root sampling and preparation
Roots of Norway spruce and European beech were sampled at a forest site at Vordemwald (634/236), Switzerland (for de-tails, see Brunner et al. 2004) . Soil cores including fine roots were taken with a soil corer (5 cm diameter) in the Ah-horizon (0-5 cm) 1 m from the tree stems. The samples were immediately wrapped in plastic bags to prevent water loss and stored at 1 °C in the laboratory for no longer than 1 week.
The soil cores were sieved and the roots collected and gently washed with tap water. The roots were assessed visually. Roots with flexible cell walls, a white stele and turgid and unbroken tips were classified as alive (Hertel and Leuschner 2002) . Living roots were divided into fine roots (< 2 cm) and coarse (2-5 cm) roots and stored in water at 0°C for no longer than 1 h.
Living fine roots were cut into segments 1-2 mm long, mixed and divided into three parts. One part was immediately used for the TTC test (see below). The other parts served as controls. For one control, 100 mg fresh mass was boiled in 150 µl of distilled water for 20 min in 2-ml Eppendorf tubes. For the other control, the roots were dried for 48 h at 60°C and ground for 5 min at 90% speed in a swing mill (MM 2000; Retsch, Haan, Germany) .
For tissue-specific measurements, the bark and wood of the coarse roots were separated and cut into segments 1-2 mm long. These tissues were also divided into three parts and treated in the same way as the three fractions of fine roots.
TTC test
To prepare the samples, 100 mg fresh tissue, 100 mg fresh tissue boiled or 23 mg of dried and ground tissue (the dry mass of 100 mg fresh fine roots) was transferred to 2-ml Eppendorf tubes containing 1.5 ml of TTC buffer (0.1 M potassium phosphate buffer (pH 7.0) with 0.6% TTC and 0.05% Tween 20; according to Ruf and Brunner (2003) ). The samples were placed under reduced pressure (300 hPa) for 15 min to remove air from the intercellular spaces and to support the infiltration of the TTC buffer. The samples were incubated for 20 h at 30°C in darkness. During incubation, TTC was reduced to TF. After incubation, the TTC buffer was decanted and the root pieces were washed twice with 2 ml of distilled water. Two steel balls (2 mm diameter) were added to each sample and the root pieces were milled for 5 min at 90% speed in the swing mill. In the case of the dried samples, the TTC buffer was decanted after centrifugation for 15 min at 10,000 g.
To extract the alcohol-soluble TF from each sample, 1 ml of 96% alcohol was added and the samples vortexed for 10 s. The samples were centrifuged for 2 min at 10,000 g and the absorption of 300 µl of the alcohol extract containing dissolved TF was measured photometrically at 520 nm with a microplate reader (VersaMax; Molecular Devices, Sunnyvale, CA). Samples were dried for 48 h at 60°C and weighed. The reactivity of the samples with TTC was measured as absorption of TF per g dry mass (A 520 g DM -1 ).
Extractions of fine roots and the bark of coarse roots
Roots were extracted to investigate the group of substances that react with TTC in the control samples. Samples of 5 g of dried and ground Norway spruce and European beech fine roots and coarse root bark were extracted for 2 h under continuous shaking with 160 ml of a 1:1 (v/v) water:methanol mixture (Matthews et al. 1997 ). The extraction residue was filtered from the root powder (Filter No. 589, Schleicher and Schuell AG, Feldmeilen) under reduced pressure (300 hPa). The extraction residue was dried for 48 h at 60°C, and 23 mg of each residue was tested for their reactivity with TTC (see above).
Sequential extraction of the fine roots
Fine roots of adult Norway spruce were sequentially extracted as described by Peng et al. (1991) and Matthews et al. (1997) . First, 6 g of dried and ground fine roots was extracted with 240 ml of distilled water, filtered and dried. The extract was lyophilized and stored at 1°C. Second, 4-g aliquots of the water extraction residue were further extracted with 160 ml of a water:methanol mixture (1:1; v/v), filtered and dried. Finally, 3 g of the water:methanol extraction residue were extracted with 120 ml of water:acetone mixture (3:7; v/v), filtered and dried. The dried fine root material and the extraction residues (each 23 mg) were tested for reactivity with TTC.
Reactivity of extract and cell components
To compare the reactivity of the lyophilized water extract with the fine root powder of Norway spruce and other common cell constituents of roots, samples were tested for their reactivity with TTC. Other constituents included: cellulose (for column chromatography (Macherey, Nagel and Co., Düren, Germany); pectin (from apples; Fluka, Buchs, Switzerland); lignin (from fir wood (Pseudotsuga menziesii (Mirbel) Franco), Bender and Hobein AG, Zürich); tannic acid (from oaks, Fluka); ellagic acid (Fluka); epicatechin (Fluka); and catechin (Fluka). As controls, the assay was run with fine quartz sand (washed; Merck, Darmstadt, Germany) and with water. One mg of each of these substances was added to 1.5 ml of TTC buffer in reaction tubes and their reactivity observed.
Effect of the age of tree roots on the TTC reduction
Living fine roots of different ages were collected from the forest site in Vordemwald. Fine roots from adult Norway spruce and European beech trees, which were assumed to be older than six months, were sampled in soil cores. Seedlings of beech and spruce (1-6 months), which germinated in the same forest site, were excavated and taken with an intact root ball to the laboratory. In addition, seeds (Tägerwilen, #845, seed collection WSL) of Norway spruce were sown in pots containing forest soil of the Ah-horizon from Vordemwald. The seedlings were grown for either one or two months in the greenhouse. For vitality measurements with TTC, fine roots of adult trees were treated as described above. For the measurements of seedling roots, the soil was removed and the fine roots were gently washed with tap water. Boiled roots from each age class served as controls (see above). The fine roots (alive or boiled) were tested for reactivity with TTC.
Effect of drought on the fine root vitality
To investigate the effect of drought on seedling root vitality under different soil conditions, samples were collected from the Ah-horizon (base saturation (BS) 6.5%, carbon concentra-tion 7.9%) and from the B-horizon (BS 3.1%, carbon concentration 1.0%). Soil monoliths were taken with a HUMAX soil corer (5 cm diameter; Lucerne, Switzerland) in plastic tubes. Monoliths were taken from six sampling sites 2 m apart with three replicates each. In the laboratory, the plastic tubes containing the soil monoliths were divided into the Ah-(0-8 cm) and the B-(8-16 cm) horizons. Each horizon was sown with 20 seeds of Norway spruce (Tägerwilen, #845, seed collection WSL) and placed in the greenhouse. The seedlings were watered three times weekly with about 10 ml of distilled water. After six weeks, watering was stopped. Reactivity with TTC and O 2 consumption of the seedlings in each sample was tested 1, 4, 8, 15 and 22 day(s) after the watering ended.
Soil water losses were calculated by subtracting the dry mass (after 4 days of drying at 50°C) from the fresh mass. Samples without watering for 18 days were dried for 4 days at 50°C and served as controls. For the TTC-measurements, 100 mg fresh seedling roots of one sample (three replicates) of each horizon were used (see above). For the consumption of O 2 measurement, seedling roots were measured for 20 min with a Clark-type O 2 electrode (Hansatech, King's Lynn, U.K.). For this measurement, 25-100 mg fresh roots were placed in 2.5 ml of aerated 1 mM CaSO 4 + 5 mM MES buffer (adjusted with KOH to pH 5.5; Comas and Eissenstat 2004) . The temperature of the whole system was kept constant at 25°C. Roots were then dried for 48 h at 60°C and weighed. Respiration was expressed as O 2 consumption per g dry mass (nmol O 2 g -1 s -1 ).
Statistical analyses
Three replicates were measured for each test. The data were subjected to two-way analysis of variance (ANOVA). The significance level was P < 0.05 by Fisher's PLSD test. All tests were calculated with StatView 5.0 (SAS Institute, Cary, NC).
Results
Reactivity with TTC
The TTC reactivity of living and dead fine roots, and of the bark and wood of coarse roots of both Norway spruce and European beech is summarized in Table 1 . Except for the wood of European beech, the reactivity of the living samples was relatively high. There were almost no significant decreases in reactivity when the fine roots and bark were dried and (except in the case of bark) boiled. In contrast, the reactivity of the dead wood of coarse roots significantly decreased. The reactivity of the extraction residues with TTC, however, decreased significantly after a water/methanol extraction (79 to 87% (fine roots) and 92 to 97% (bark); Table 1 ). When dried and ground Norway spruce fine root samples were sequentially extracted, a stepwise decrease in TTC reactivity was observed (Figure 1 ). After water extraction and the water:methanol extraction, the reactivity of the dried extraction residue decreased 75 and 93%, respectively. The last extraction (water:acetone) had no effect on TTC reactivity.
A comparison of the TTC reactivity of different cell-wall substances, dried and ground fine roots, the lyophilized water extract and controls revealed that some cell-wall constituents, such as cellulose and pectin, had almost no reactivity with TTC (Table 2) , whereas lignin and substances belonging to the group of water-soluble polyphenols reacted strongly with TTC. In particular, the reactivities of epicatechin and catechin were high, as were those of the dried and ground fine roots and its water extract (Table 2 ). Almost no reactivity was recorded with the control substances ( Table 2) .
Effect of the ages of tree roots on TTC reduction
Living fine roots of seedlings of Norway spruce and European beech were two to three times more reactive with TTC than the living fine roots of the adult trees (Table 3) . Boiling reduced the reactivity of seedling roots to about 11-13%, whereas boiling had little effect on the reactivity of fine roots of adult trees (80%).
Effect of drought on fine root vitality
Significant water losses in the soil monoliths of the two horizons were observed 22 days after watering was stopped (Figure 2a) . The decrease in soil monolith water content was highly significant for both the time period and the horizon.
Root vitality measurements based on the reduction of TTC and the consumption of O 2 (Figures 2b and 2c) showed a slight increase in the vitality of the roots from Days 1-4 of drought. This increase was significant only in the case of O 2 consumption. Four days after watering stopped, fine root TTC reactiv-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com POLYPHENOLS REDUCE TTC 157 Table 1 . Triphenyltetrazolium chloride reactivity (absorbance of triphenyl formazan (TF) (Abs 520 g DM -1 ) of living and dead root tissues and of the extraction residues of dead root tissues after a water:methanol (1:1; v/v) extraction. Different letters indicate significant differences (P < 0.05; n.d. = not determined).
Root tissues
Norway ity decreased continuously and significantly and reached minimum values after 22 days of drought. There was no difference in the TTC reactivity with soil type. Analysis of the relationship between seedling root TTC reactivity and the soil water content revealed a highly significant correlation (Figure 3a) . Figure 3b shows that the relationship between the TTC reduction and the O 2 consumption of the seedling roots was also highly significant.
Discussion
The TTC test is commonly used to distinguish living from dead fine roots, and to assess the vitality classes of the fine roots of woody and non-woody plants (Clemensson-Lindell 1994 , Comas et al. 2000 , Ruf and Brunner 2003 , Sturite et al. 2004 . In these investigations, boiled roots often served as controls. The reduction of TTC by the boiled roots was often found acceptably low and comparable to the reactivity of fine roots that were defined as dead Brunner 2003, Sturite et al. 2004 ). However, Clemensson-Lindell (1994) and Comas et al. (2000) observed that the reduction of TTC by boiled roots remained high. Our tests revealed that the boiled fine roots of adult trees reduced TTC as much as living fine roots. Dried and ground fine roots of adult trees showed the same reactivity with TTC.
By separating the bark from the wood of coarse roots, we were able to demonstrate that reactive substances occur in higher quantities in the bark than in the wood. It was shown that these substances could be largely eliminated by water extraction and, for smaller quantities, by a water:methanol extraction. Water and alcohol extractions are commonly used to extract plant polyphenolic substances (Peng et al. 1991 , Matthews et al. 1997 , Kraus et al. 2003 . In wood-processing, boiling is a common method to extract polyphenols (Roffael et al. 2000) . Pan and Lundgren (1995) detected polyphenols like epicatechin and catechin and other proanthocyanidins (condensed tannins) in the root bark of Norway spruce. Our data also revealed that the extractable components from spruce fine roots (15-29% dry mass; data not shown) were comparable in quantity to the extractable polyphenols measured by Matthews et al. (1997) (21% dry mass). Confirming that polyphenols are abundant in root bark, Kraus et al. (2003) reported that polyphenols reach up to 35% of the dry mass of roots. To test if these polyphenolic components in the fine roots are able to reduce TTC, we compared the reactivity of the lyophilised water extract of spruce fine roots with several cellwall constituents. The results demonstrated that root polyphenols, especially epicatechin and catechin, are as reactive with TTC as the fine root water extract. Due to their antioxidant and 158 RICHTER, FROSSARD AND BRUNNER TREE PHYSIOLOGY VOLUME 27, 2007 Kraus et al. 2003 , Karonen et al. 2004 , Dixon et al. 2005 ) with related tetrazolium salts (Galato et al. 2001 , Aehle et al. 2003 , Franke et al. 2004 ). For example, Vyas et al. (2002) observed that XTT (sodium, 3´-[1-[phenylamino-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid hydrate) is reduced by polyphenols, especially by catechin. Nevertheless, reflecting their low polyphenol content, we found that boiling seedling roots resulted in a measurable reduction in their TTC reactivity. Beyeler and Heyser (1997) measured an increase in polyphenols in European beech seedlings with age. As a consequence, the TTC test can give a false indication of vitality in fine roots of mature trees.
To demonstrate the link between respiration (O 2 consumption) and TTC reduction, we monitored TTC reduction by Norway spruce seedlings roots during the imposition of drought while simultaneously measuring root oxygen consumption with a Clark-type O 2 -electrode. Both measurements indicated a significant decrease in root vitality with increasing drought stress. The measurements were significantly correlated and thus appeared to be equally valid measures of root respiration. These results support the findings of Comas et al. (2000) , that a good correlation exists between TTC reduction and O 2 consumption in the fine roots of young grape vines. That TTC reactivity of seedling roots, unlike O 2 consumption, did not approach zero toward the end of the 22-day drought can be explained by the presence of some polyphenolic substances even in seedling roots. Kirakosyan et al. (2004) reported a 6 to 10-fold increase in epicatechin and catechin in two hawthorn species (Crataegus spp.) in response to 10 days of drought.
In conclusion, our results indicate that the TTC test can be applied to estimate the vitality of fine roots of tree seedlings but not of adult tree fine roots, which have a high concentration of polyphenols. The boiled controls indicate that the TTC reactivity of living fine roots with a high polyphenolic content is not solely due to the respiratory activity of the tissue, but in part, depends on the presence of polyphenols. In this case, measurements of O 2 consumption with a Clark-type electrode may be a valuable alternative to indicate the vitality of fine roots.
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